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General Intro

@ Transitions to enhanced confinement regimes — key for future
devices (ITER)

@ H-mode regime well studied both experimentally and theoretically
— L-H transition explained via 'flow-shear paradigm’[Biglari
Diamond Terry '90, Moyer '95, Diamond, ltoh? Hahm ’05]: flow
shear suppresses transport by shearing apart turbulent eddies.
— suppress both heat and particle transport the same way.

@ For other regimes, e.g. I-mode (high energy confinement and low
particle confinement), particle and heat transport decouple — the
shearing paradigm cannot apply for these regimes!

— need to identify particle v.s. heat transport decoupling
mechanisms

@ One possible mechanism: nonlinear effects on the crossphase
[Terry °01, An ’17]. Here we show direct effect of zonal flows on
the transport crossphase. (GAM ZF normally observed in
I-mode)

@ In this work, we only consider the effect on particle transport
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Turbulent flux and transport crossphase

@ the turbulent particle flux can be written:

[ turb = \/@Msin One

@ with 6, : transport crossphase
@ the particle flux can be suppressed by:
e suppressing the turbulence amplitudes

V(n?),\/(#2) \, (eddy-shearing paradigm)
e and/or
@ suppressing the crossphase 0,4



Basic Mechanism:
E x B nonlinearity — nonlinear crossphase shift

—w/o ZF
—with ZF
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evolution of transport crossphase (¢) between density and potential:
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@ wh oc Im{A* Vg - VA} ~ — V2 Aw: nonlinear crossphase shift

Aw: frequency mismatch
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Model

@ fluid model for dissipative trapped-electron mode (DTEM), based
on [Baver 02, Newman '94], including zonal flows:

on do L
E‘FVE Vn+(1+0me)@ = —v(h—9¢
) L~
e |(1= )6 - v3 26| +[1 - A(1 —l—ane)]— Ve-VV26 = fuw(h—d
n=fiNet + Nep - effective density
) : electric potential
v = Ugj/€ : de-trapping rate
fi =€ : trapping fraction
Ne = Ln/LTe
a=3/2

normalizations : space (ps), time: (Ln/Cs)



Model (ct'd)

@ This model has two nonlinearities (Vg = 2 x V¢):

polarization nonlinearity

ZxVy-VVig= > (KE-KP)2xK) K'owor
k=k'+k"

ExB nonlinearity

N 1 A
Z X V(b -Vn= - Z (Z X k,) : k/,(nk/¢k// — (bk’nk”)
2 k=K'+k"




Linear analysis of the DTEM model

dispersion relation

1—1—71(i -k, =0
“ 1 — ifw/v v

DTEM frequency w < v
wi = ky/(1+K?)

DTEM growth-rate

Figure: growth-rate v.s. k,

fy anekf k2 kf
Tk =

@ caveat: no linear threshold in v |(1+K2)2 " (14K2)3

this model
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Zonal flows & zonal density

o zonal flows Vzon = igxpq€® + c.c.
& zonal density nyon = nge'®™ + c.c.
are nonlinearly driven by DTEM turbulence:

5 X .
q§% = 3 (2 xq)-k(k+af - K>) $idkiq
k

o N 1
% = zk:(z x q) -k §<nﬁ¢k+q - ¢2nk+q)

¢q - zonal potential
ng : zonal density
@ zonal flows driven by the polarization nonlinearity & zonal density
driven by E x B nonlinearity
@ no dependence on v — not affected linearly by electron-ion
collisions



Crossphase dynamics

@ Write the Fourier modes in amplitude-phase form:

N = |ng|exp(—iok)
ok = |9kl
@ with J,: crossphase between density and potential
00
a—: = —wk + (1 4+ ame)ky — vtan §x + Nk

@ compared with [An '17] for Hasegawa-Wakatani model:

O00p = ky B cos o — 043;.[1 + 7;) sindp + N

32
k

@ we explicitely write the E x B nonlinearity Ny given by the triplet

correlation:

Ni = n1‘21m{n,’§(2 < V- V)
k
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Parametric interaction analysis: four-wave interaction

@ A pump DTEM at (wq.Kg) interacts with a seed zonal flow at
(WQa q = qX)A()
— generates two sidebands at frequencies wy » = wy £+ wq and
wavenumbers ki > = kg & q (triad resonance condition)

the pump-wave is taken as:

pump (amp.+phase) ———>| Zonal Flows

np|  |Nko Yoo
[@J = Lﬁko] exp[iko - r — iwgl]

the zonal flow is taken as: e @sidebd 2

Vzr = iQxoq expligxx — iwqt]
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Parametric interaction analysis (ct'd)

@ Decomposing into amplitudes ny, ¢g and crossphase dy:

the pump-wave is taken as:

np|  |ngexp(—idy) N y
[¢P] = [ 6 } exp[iko-r Iw) f] L,X

the zonal flow is taken as:

four-wave interaction with
Vzr = iqxpq expligxx — iwqgl] approx: kg =0
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Zonal flows & zonal density

@ zonal flows Vo = igxpq€® + c.c.
& zonal density nyon = nge'®™ + c.c.
For a four-wave parametric interaction:

8¢ * Lok
87;’ = qu0y [¢k0¢1 — Giy P2 }
on 1, . . 1 ok ¥
37: _qXKOy[ E(nko¢1 - ¢k0n1) - é(nko@Q — Pk lT2 )
¢q - zonal potential
ng . zonal density

@ with ¢, : pump
@ ¢1o = Py,+q- Potential sidebands
@ Ny 2 = N, +q- density sidebands
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Zonal flows & zonal density (ct'd)

@ using the amplitude/phase ansatz ¢x, = ¢o and
Nko = ¢o €xp(—Iidp), this yields:

0

;;Z = Qxkoy Re{dop1 + dpooo}

8822 = —QgxkoyRe{ %(¢oei60¢1 — gomye 1) — %(¢oe_i6°¢52 — ¢onpe’®2))
¢z =|pq| : zonal potential amplitude (~ energy)
nz = |ng| : zonal density amplitude
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Parametric interaction (ct'd)

@ Parametric interaction analysis yields:

% = (14 ane)ko —wo — vdp + /\[qﬁzm Ady — n;¢1 do] + Sid

0
(1+ k&)% = fiko(1 + ame)podo — KGNd1 — d2)dz — fiNdzm — nzop

+Sidb2

0

(;ﬁ;z = N¢1+ ¢2)do — poz

ony

- = A(ny — 1) do + /\(nz — ¢2) %0

OAd1 2 Podz — poNz  ,PzM2
= = Aw-—vAdio -2 “VAO1 o] + . ).

ot 12 [( M2 b0 JAd2] )

dg . pump crossphase, Adq p: triad phase mismatch

¢o : pump amplitude
¢z . zonal flow amplitude

o8
Nt




Parametric interaction (ct'd)

@ and the sidebands evolve as:

0
(1+k2, - ft)?t’2 = fiw(mo — ¢12) £ (k§ — G) Ao
an A
811‘72 = —v(Ma—d12) — 5(450”2 — $o9z)
¢1,ny : potential & density of sideband 1

¢o,n> . potential & density of sideband 2



Parametric interaction (ct'd)

@ For DTEM, the sidebands are nearly adiabatic ny ~ ¢4 and
no ~ ¢o due to trapped/passing collisions (v)

@ Hence, negligeable NL drive for zonal density

@ without zonal density, zonal flows play a major role for DTEM
saturation

@ For adiabatic sidebands, combining the Egs for potential and
density sidebands and using ny o ~ ¢1 > yields:

Op1,2

T Va2 = £(k§ — GZ)Nbodz

(1 Jrk12,2)

where we model the sideband dissipation by the damping rate ~4

[Chen *00]. For ;%‘f < 74, this yields the sideband response:

D1 *¢o¢z
Yd

br x —Dobs = pre
Yd
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Schematic derivation of the model

Fluid DTEM model

Fourier-transformed Eqs

four-wave truncation

amplitude / crossphase decomposition

DTEM 0D model
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Predator-prey like DTEM model

@ Using the sideband response and n, ~ 0, parametric interaction
analysis leads to the predator-prey like model :

00 N2
87;) = (1 + Oé?]e)k() —wo — 1/50 — %gf)gAé
) N?
(1+ kg)% = fiko(1+ ane)dodo — (2kG + ft)%ﬁ(bo
0 22
R
2 2
049 = Aw—Z/A(S—M[ —%]Aé
ot 2 ’yg
dg . pump crossphase between density and potential
oo pump amplitude
or zonal flow amplitude

JAN triad phase mismatch



Results: Dynamics of the model without back-reaction
on crossphase

@ without back-reaction
(A6 = 0):

——0y + Cst

By x 2107

b, x 102

—-A§
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@ Typical Limit-Cycle Oscillations
between turbulence amplitude
and zonal flows

@ The transport crossphase is

phase-locked to its linear
value, after a short transient



Results: Dynamics of the model with back-reaction on
crossphase

@ with back-reaction (A¢ # 0):

0.07 [
0.03 k

—d +Cst
x 2.1072
x 1072

V

| — A

l\kk

| | J
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@ Limit-cycle oscillations
between turbulence amplitude,
zonal flows and transport
crossphase

@ The transport crossphase is
transiently suppressed by
zonal flows



Results: Limit-cycle

@ with back-reaction (A # 0):
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© 039
<
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W/o phase mismatch
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0
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@ Limit-cycle oscillations
between turbulence amplitude,
zonal flows and transport
crossphase

@ The transport crossphase is

transiently suppressed by
zonal flows



Summary for this part

@ A four-wave interaction analysis predicts that zonal flows can
suppress the transport crossphase by nonlinearly shifting the
crossphase
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Wave kinetic approach

@ Disclaimer: This is work in progress, not fully rigorous
@ The turbulent particle flux at wavenumber k can be written:

Ik oc N sindg

@ with Ny = (1 + k?)|px|2 /wk the wave action density for DTEM.

@ write Nx = (Nk) + AN(r,t) and dx = (dx) + Adk(r, 1)

@ for small crossphase dx < 1, the nonlinearly modified particle
flux is:

(Tk) o< To + (AN AK)

@ with Mg = (Ni)din

o4



Wave kinetic approach

Wave Kinetic equation [Malkov, Diamond, Rosenbluth ’01]
aNk Ow 8Nk Ow 6Nk

ot ok or  or ok

= A Nk

@ with the non-linear growth-rate operator satisfying:

ANLNK = Yk Nk — DwNZ

@ we extend the wave-kinetic equation, to include the dependence
of growth-rate on crossphase

vk = Céx

e the linearized response, noting 7k Nk =~ CSIMANj + C(Ni)Adx, is
given by:

0 0
at"‘Vga +'Y[I(m

}ANk _ kv, O — C(N)Adk

zon ak



Back-reaction

@ the back-reaction on the turbulence is described by:

a<é\:k> _ aakr<k9 v;onANk> + C<A6KANk> J

@ and we take the modulations in the form:

ANy = Ngexp(igrr — iQt) + c.c., and V,, = Vg exp(ig,r — it) + c.c.
and Adx = 0k g exp(ig,r — iQ2t) + c.c. J

@ The linear response Ny is then:

1 O(Nk)
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Wave Kinetic Equation

@ and we obtain the quasilinear equation for (Nj):

ONe) 0 KEIVgPaNy)
ot Ok, fyl’j” Ok
+ off — diagonal terms

@ 1stterm on RHS : shearing effect due to zonal flows

@ 2nd term: additional damping term due to radial modulation of
the crossphase (also due to zonal flows)
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Wave kinetic approach (c’td)

@ In addition the nonlinearly modified particle flux is:

Me) = ro+<ANkA5k>

. C (N
= (Nt Gl 5
Yk

@ Direct suppression of the particle flux due to the crossphase
modulation
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Wave kinetic approach (c’td)

@ In this picture, the crossphase modulation is driven by ZFs as:

0dk,q

ot +VSin(5k,q =koVy

@ i.e after phase-locking:

kyV,
5k7q:M

@ The particle flux thus takes the form:

- C(N
(Tk) ~ (Ni)SK" — /<m k2> K| Vgl?
YV
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Summary and conclusions

@ In the framework of a fluid DTEM model, we showed that zonal
flows can directly affect the crossphase

@ A four-wave interaction analysis predicts that zonal flows can
suppress the transport crossphase by nonlinearly shifting the
crossphase

@ This is confirmed in the wave-kinetic picture, where this
stabilization is interpreted as a radial modulation of the transport
crossphase, due to zonal flows.

@ Open Questions
o What is the effect of zonal flows on trapped electron temperature?
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